The transformation of indole to indigo by microorganisms expressing styrene monooxygenase (SMO) has been studied. Styrene and indole are structurally very similar, and thus we looked at a variety of styrenedegrading strains for indole transformation to indigo. Two strains, Pseudomonas putida S12 and CA-3, gave a blue color on solid media when grown in the presence of indole. Indole induces its own transformation on solid media but is a poor inducer in liquid media. Styrene is the best inducer of indole transformation in both strains. Arginine represses styrene consumption and indigo formation rates in P. putida S12 compared to phenylacetic acid-grown cells, while the opposite effect is seen for P. putida CA-3. Characterization of an SMOand styrene oxide isomerase (SOI)-negative transposon mutant of P. putida CA-3 and an SOI-negative N-methyl-N-nitro-N-nitrosoguanidine mutant of P. putida S12 reveals the involvement of both SMO and SOI in indole transformation to indigo. Both strains stoichiometrically produce high-purity indigo from indole.
For many years, plant-derived indigo has been replaced by synthetic indigo for use as a dye in the textile industry (5) . The first report of microbial indigo production was in 1928 (6) . However, it was not until the early 1980s that scientists seeking a greener alternative method of indigo production looked to microorganisms (2, 14) .
Microorganisms expressing dioxygenases after growth on aromatic hydrocarbons have been implicated in the transformation of indole to form the dihydrodiol, which is dehydrated to form indoxyl, which dimerizes to form indigo (13, 14) . Monooxygenases involved in the metabolism of toluene and 1-naphthol have also been shown to produce indigo, but a mechanism of action is unclear (1, 10, 13) . Microbial indigo production has mainly been used to clone genes encoding oxygenases that degrade both aromatic hydrocarbons and their acids (4, 9-11, 13, 21) . While many studies have concentrated on the use of indigo as an indicator dye for recombinant gene expression, there have been few reports on specific formation rates (14) .
Based on the structural similarity between styrene and indole, we decided to look at a variety of styrene-degrading strains to determine if any could transform indole to indigo. We have studied two styrene-degrading strains, Pseudomonas putida S12 and CA-3, in more detail. We looked at a possible pathway for indigo production by these strains, the involvement of the styrene monooxygenase (SMO) and styrene oxide isomerase (SOI) enzymes, and the specific rate at which these styrene-degrading strains produce indigo as a function of the growth conditions.
MATERIALS AND METHODS
Bacterial strains. P. putida S12 and CA-3 have previously been described (8, 16) . P. putida M2 is an SMO-positive, SOI-negative N-methyl-NЈ-nitro-N-nitrosoguanidine (NTG) mutant of strain S12 (15) . P. putida E5 is an SMO-and SOI-negative transposon (Tn5) mutant of strain CA-3. Escherichia coli SM10 is the donor strain used in mutagenesis (18) . It harbors a conjugative plasmid (pSUP1011) possessing the transposon Tn5 encoding kanamycin resistance (17) . Strains were maintained at Ϫ80°C in 50% glycerol or on agar slants at 4°C. Cells were plated on Luria-Bertani agar plates, and these plates were maintained at room temperature for up to 4 weeks.
Transposon mutagenesis. Transposon mutagenesis was performed as a conjugation between E. coli SM10 and P. putida CA-3. Exconjugants were selected on sucrose asparagine agar plates with kanamycin and ampicillin. Exconjugants were subsequently tested for the ability to utilize styrene and intermediates of styrene metabolism. Strain E5 can still grow on phenylacetaldehyde and phenylacetic acid (PAA) but can no longer grow on styrene or styrene oxide.
Growth and induction conditions. Cells were grown in a mineral salts medium previously described (8) . Cells were initially plated on arginine (1 g/liter)-indole (0.1 g/liter)-agar plates. Liquid batch cultures were supplemented with arginine (1 g/liter) or PAA (0.5 g/liter). Inducers were added to the medium after autoclaving to a final concentration of 0.1 to 0.2 mM (calculated by assuming that all of the substrate is dissolved), depending on the toxicity of the inducer. Overnight cultures were inoculated (2 to 4%) into mineral salts medium with arginine or PAA medium and incubated with shaking at 30°C for 1 h, after which time the inducer was added and the cells were incubated under the same conditions for a further 3 h. Inducer was added again, and the cells were further incubated for 1 h before harvesting.
Styrene depletion studies. Cells were harvested by centrifugation at 4°C and 16,300 ϫ g for 10 min, washed once in 50 mM potassium phosphate (KPi) buffer (pH 7.0), and resuspended in the same buffer to a concentration of 1 mg (dry weight)/ml. A 120-l volume of 1 mM styrene in water was added to a 250-ml sealed flask (Mininert valves) containing 19.0 to 19.5 ml of 50 mM KPi buffer and allowed to equilibrate with stirring at 30°C for 10 min. The reaction was started by addition of 0.5 to 1.0 ml of cells to the sealed flask, and the depletion of styrene in the headspace was monitored over a 15-to 30-minute period by taking 100-l samples from the headspace and injecting them into a gas chromatograph. Cells used to study styrene consumption rates in comparison to indigo production (see Table 2 ) were harvested by centrifugation and resuspended in mineral salts medium to a concentration of 0.5 mg (dry weight)/ml. A unit of activity corresponds to the consumption of 1 mol of substrate per min.
Indole transformation assays. To determine indigo formation from indole, batch-grown cells were harvested by centrifugation and resuspended in mineral salts medium so that the culture was concentrated to approximately 0.5 mg/(dry weight)/ml for the determination of specific rates of indigo formation. A 100-l volume of concentrated cells was added to 400 l of 50 mM KPi buffer containing 0.25 mM indole in a 1.5-ml polypropylene tube preincubated for 10 min at 30°C. The samples were incubated at a 45°angle in a vigorously shaking water bath at 30°C. A 0.25 mM indole solution in 50 mM KPi buffer was made by dissolving indole in dimethylformamide (DMF) to a concentration of 100 mM and diluting this solution with 50 mM KPi to 0.25 mM indole. One polypropylene vial was analyzed per time point, as the indigo produced came out of solution and stuck to the walls of the assay vessel. Thus, to provide an accurate determination of the indigo produced, the complete reaction mixture was analyzed. Vials were taken for analysis every 5 min over a 30-min period and centrifuged in an Eppendorf centrifuge at high speed for 2 min. The supernatant was carefully pipetted off, and the cell pellet was resuspended in 1 ml of DMF and incubated with shaking at room temperature for 10 min to ensure removal and dissolution of cellassociated indigo. The tube was then centrifuged to remove cell debris, and the optical density at 610 nm (OD 610 ) of the supernatant was determined. The specific rate of indigo production was calculated from the increase in OD 610 over time. The molar extinction coefficient for indigo at 610 nm was calculated to be 15,900 liters mol Ϫ1 cm Ϫ1 by using a standard indigo solution dissolved in DMF. A similar experimental setup was used to determine indole and indigo concentrations in the assay by using high-pressure liquid chromatography (HPLC). However, in these experiments, harvested cells were washed in 50 mM KPi buffer and resuspended in the same buffer. This was done to minimize HPLC column fouling during analysis. Eppendorf samples were taken for analysis every 15 to 30 min over a period of 2 h and centrifuged at high speed for 2 min in an Eppendorf centrifuge. The supernatant was pipetted off and placed in an HPLC vial with an equal volume of DMF. This sample was subsequently analyzed by HPLC to determine the concentration of the remaining indole. The pellet was resuspended in 1 ml of DMF and incubated with shaking at room temperature for 10 min to ensure full mixing of the contents; the tube was then centrifuged to remove cell debris, and the supernatant was analyzed by HPLC to determine the indigo concentration. Indole and indigo standard concentrations ranging from 0 to 250 M were also analyzed by HPLC. A unit of activity corresponds to the formation of 1 mol of product per min.
Analytical methods. Headspace samples of 100 l were analyzed for styrene on a Chrompack 437A gas chromatograph fitted with an SS column (6 ft by 1/8 in.) with 10% SE 30 on Chrom WHP 80/100 mesh. Nitrogen was the carrier gas at 235 kPa, and the oven temperature was 150°C.
HPLC analysis was performed on a Hewlett-Packard HPLC Chemstation (Pascal series; Hewlett-Packard, Waldbronn, Germany) fitted with a C 18 column (100 by 3 mm; ChromPack). Samples were eluted isocratically with acetonitrilewater (1:1) at a flow rate of 0.5 ml/min at 30°C, and detection was at 280 nm. Compound identification was performed with an HP1040 M II diode array detector and an HP9000-300 processor. Thin-layer chromatography was performed (silica solid phase) by using 20% diethyl ether in chloroform.
Chemicals. Indole and DMF were from Merck. Indigo was supplied by Fluka. Styrene, ethylbenzene, ␣-methylstyrene, and indene were supplied by Janssen. Oxindole was supplied by Acros.
RESULTS
Selection of strains. The 14 styrene-degrading strains previously described (8) and P. putida CA-3 (16) were plated on mineral salts-arginine-indole plates both in the presence and in the absence of styrene. In the presence of styrene, most of the strains produced a blue coloring. The two P. putida strains, S12 and CA-3, produced the darkest blue color and also formed the pigment in the absence of styrene. We therefore decided to study these two P. putida strains in more detail with respect to indole transformation. As indole appeared to induce its own transformation to indigo, we studied various potential inducers of SMO, the enzyme assumed to be responsible for indigo formation.
Induction of SMO. Induction of SMO was performed with cells growing on arginine, as this appeared not to repress SMO activity on agar plates. The cells were induced for 4 h with a variety of aromatic compounds, and subsequently the specific styrene consumption rates were determined. Indole induces styrene degradation in strain CA-3 to a low level (Table 1) but fails to induce styrene degradation in strain S12 under the conditions used here (Table 1) . Styrene, ethylbenzene, and ␣-methylstyrene induce styrene degradation in strain CA-3 to relatively high levels (Table 1) . trans-␤-Methylstyrene fails to induce styrene degradation in both strains CA-3 and S12 (data not shown). Tryptophan-grown S12 or CA-3 cells fail to degrade styrene or produce indigo from indole (data not shown). Based on the induction experiments, we decided to use styrene as the inducer for indole transformation studies.
Effect of growth substrate on styrene transformation rates. The specific styrene consumption rates, especially for strain S12, were significantly lower than expected based on the growth rate with styrene as the sole source of carbon and energy. In part, this appears to be caused by the washing step because cells that were washed and resuspended in 50 mM potassium phosphate buffer give a lower specific rate of styrene consumption than cells resuspended in mineral salts medium. Because of the relatively low styrene consumption rate measured for strain S12, we decided to test PAA as a growth substrate. With S12, a higher styrene consumption rate is observed for styrene-induced cells grown on PAA than for arginine-grown cells. However, the opposite effect is observed for strain CA-3 (Table 2 ). Subsequently, we looked at indigo formation rates to see if we would observe the same effect.
Transformation of indole to indigo. The ability of styreneinduced cells to convert indole to indigo was measured spectrophotometrically by monitoring the increase in OD 610 over time. P. putida CA-3 cells grown on arginine and induced with styrene produce indigo from indole at a maximum rate of 12.1 nmol min Ϫ1 mg (dry weight) Ϫ1 (Table 2) , which is equivalent to an indole consumption rate of 24.2 nmol min Ϫ1 mg (dry weight)
Ϫ1
. Arginine-grown, styrene-induced cells of P. putida S12 produce indigo at a 2.0-fold lower rate than P. putida CA-3 (Table 2 ). However, the reverse is true of PAA-grown cells induced by styrene. Under these conditions, P. putida S12 produces indigo at a rate 2.6 times higher than that of P. putida CA-3. The ratios of styrene consumption to the rate of indigo production by both P. putida CA-3 and S12 induced by styrene are similar under all of the growth conditions tested ( Table 2 ), suggesting that indole and styrene are transformed by the same enzyme, i.e., SMO. Uninduced cells did not oxidize styrene or form indigo.
To further determine the involvement of SMO in indigo formation, wild-type CA-3 and mutant E5 were compared with respect to indigo production from indole by HPLC analysis (Fig. 1 ). Induced cells of P. putida CA-3 produce stoichiometric amounts of indigo from indole (Fig. 1) . Approximately 180 M indole gives rise to 90 M indigo. Uninduced cells are induced by the indole present in the assay buffer, and this results in the consumption of indole and the subsequent formation of indigo after 90 min of incubation (Fig. 1) . The SMO-negative styrene-induced mutant E5 did not form indigo (Fig. 1) .
To determine whether SOI is involved in indigo formation, P. putida S12 and the NTG mutant M2 (SMO ϩ and SOI Ϫ ) were compared. Both strains convert indole to indigo stoichiometrically (Fig. 2) . The rates of indole depletion in S12 and M2 are similar, but there is a lag in the production of indigo by the mutant M2 (Fig. 2) . Styrene-induced cells of P. putida CA-3, S12, and M2 grown on PAA fail to produce indigo from oxindole, a suspected product of indole oxidation by cells expressing SMO and SOI activities.
The retention time and UV spectrum of the product formed from indole by P. putida CA-3, S12, and M2 measured by using HPLC with a diode array detector showed that the metabolite has properties identical to those of the commercial indigo standard with maxima at wavelengths of 243, 286, 336, and 612 nm.
The indigo produced by both strains S12 and CA-3 had an R f value of 0.49 which is identical to that of the commercial indigo standard. Commercially available indigo also contained a contaminating red pigment with an R f value of 0.26.
DISCUSSION
The biotransformation of indole and indole derivatives has been applied in selecting microorganisms expressing dioxygenase or monooxygenase activities due to the formation of indigo, a dark blue compound which is easily detected visually on agar plates (4, 5, 10, 11) . Such microorganisms have also been studied with the intention of developing alternative methods of indigo production (2, 5, 13, 14) . Specific rates of indigo formation are, however, difficult to extract from the literature, and also, the mechanism by which indigo is formed is unclear.
Based on the similarity in structure between indole and styrene (Fig. 3) , we selected styrene-degrading bacteria, known to degrade styrene via styrene oxide due to monooxygenase activity (8, 15, 16) , to study indigo formation from indole.
Most of the styrene-degrading bacteria we tested form blue pigments when grown on arginine-indole plates in the presence of styrene. Under these conditions, we assume that SMO activity is induced, which could be responsible for indigo formation. Previously, Marconi et al. demonstrated that E. coli expressing a 2.5-kb fragment cloned from P. fluorescens ST which gave blue colonies on indole plates also formed styrene oxide from styrene, suggesting that the two activities are the result of the same enzyme (11) .
From the 15 strains tested, we selected the 2 P. putida strains which also gave blue colonies on arginine-indole plates in the absence of styrene, suggesting that in these strains the enzyme responsible for indigo formation is induced by indole or is expressed constitutively. We first studied SMO activity in arginine-grown cells with various potential inducers. Without any inducer added, neither strain consumed styrene, confirming that SMO is not expressed constitutively (16) . In both strains, SMO was induced by styrene and a number of related compounds, although to different levels. Interestingly, ethylbenzene, which is not a substrate for SMO, acts as a gratuitous inducer of SMO in strain CA-3 and is almost as effective as styrene itself (Table 1) . Clearly, the regulation of SMO induction is not the same for the two strains studied. Indole induces the formation of indigo in both Pseudomonas strains on agar plates, yet it is a poor inducer of styrene oxidation in strain CA-3 and does not induce styrene oxidation activity in strain S12 in liquid culture. This difference in induction may be due to the higher concentrations of indole and the longer time of exposure to indole in the solid medium. SMO was induced to a higher level in P. putida CA-3 than in P. putida S12 when the bacteria were grown on arginine. To test if the lower level of SMO induction in arginine-grown P. putida S12 was due to some repression by arginine, PAA-grown cells were also induced with styrene. Higher levels of SMO activity were obtained with strain S12 grown on PAA than with arginine-grown cells, whereas the opposite effect was obtained with strain CA-3 (Table 2) . Apparently, arginine represses SMO expression to some extent in strain S12. In strain CA-3, we observe the interesting phenomenon that PAA, an intermediate in the styrene degradation pathway, represses SMO induction when present in the growth medium. While there are examples of feedback inhibition in anabolic pathways (20) , there have been no reports on the repression of an early enzyme of a catabolic pathway by a metabolite of that same pathway. In P. putida mt-2, the toluene regulatory gene xylR regulates the expression of the toluene degradation pathway and its own expression but there is no evidence that toluate represses the expression of the upper pathway (12) . Although further studies are required, a possible reason for SMO repression by relatively high levels of PAA could be to prevent intracellular accumulation of PAA or phenylacetaldehyde from styrene in strain CA-3.
The SMO-and SOI-negative transposon mutant of P. putida CA-3, strain E5, grown on PAA and induced with styrene failed to produce indigo from indole (Fig. 2) . Thus, SMO appears to be the enzyme involved in indole transformation to indigo. The inability of strain E5 to transform indole to indigo when grown on PAA also indicates that other oxygenases which are involved in PAA degradation by this strain are not responsible for indole transformation.
A specific rate of indigo production has not been previously documented (1, 5, 14) . Ensley and coworkers showed the formation of indigo to 25 mg/liter (0.095 mM) after 24 h of growth of an E. coli strain (containing a fragment of the NAH7 plasmid from P. putida Pp97) on Luria broth. Subsequently, Murdock and coworkers expressed indigo production by recombinant E. coli FM5 from glucose in arbitrary units (14) . E. coli K-12 possessing the recombinant xylA gene and Rhodococcus sp. strain NCIMB 12038 produced indigo, but a specific rate of production was not given for either of these strains. (1, 14) . We measured the rate of indigo formation both spectrophotometrically and chromatographically in styrene-induced cells of P. putida CA-3 and S12 grown on arginine and PAA respectively. P. putida CA-3 and S12 transform indole at a rate approximately one-half of that at which they transform styrene ( Table 2 ). It is difficult to determine whether the maximum rates of indigo formation of 11 to 12 nmol min Ϫ1 mg (dry weight) Ϫ1 we measured are high, as previous studies have failed to give a specific rate of indigo formation, possibly due to very low activities.
Our thin-layer chromatography experiments reveal that the indigo produced by both strains S12 and CA-3 was higher in purity than the commercially available sample, which contained a contaminating red pigment. In other indole transformation studies, a contaminating red pigment was also detected (2, 7, 9) . E. coli cells carrying recombinant plasmids expressing a 2.8-kb Rhodococcus DNA fragment produced two pigments (9) . These pigments were later identified as indigo and indirubin, a structural isomer of indigo (7) . Indirubin was also produced by Genencor, a biotechnology company trying to develop a competitive commercial process for indigo production. Genencor saw the production of a blue-red pigment by recombinant E. coli which was identified as a mixture of indigo and indirubin (2, 14) .
The proposed mechanism of indigo formation from indole assumes that indoxyl is an intermediate which chemically dimerizes to form indigo (1, 13) . The product of dioxygenase activity with indole is assumed to be cis-indole-2,3-dihydrodiol, which is dehydrated to form indoxyl (5) . The expression of a xylene oxidase in E. coli resulted in the production of indigo from indole with indoxyl being the proposed intermediate based on the analogy with xylene hydroxylation (13) . However, Wubbolts et al. have shown that oxidation of styrene by the xylA gene product results in the formation of styrene oxide (19) . We have demonstrated that mutant M2 accumulates styrene oxide from styrene and, more recently, indene oxide from indene (15; unpublished results). We therefore propose that the initial oxidation product of indole due to monooxygenase activity is indole oxide (Fig. 3) . Allen and coworkers (1) also suggested epoxidation by a monooxygenase, but they assumed the hydrolysis of the epoxide to give the dihydrodiol, which after dehydration would yield indoxyl. A more plausible mechanism for indoxyl formation from indole oxide is via an arene oxide-NIH shift reaction (hydroxylation-induced intramolecular migration) in which an arene oxide rearranges to a hydroxyl aromatic compound. Such a reaction has previously been reported for the transformation of naphthalene oxide to 1-naphthol by Bacillus cereus (3) .
In studies focusing on the oxidation of indene by strain S12, we observed quantitative 2-indanone formation, suggesting that the SOI transformed the indene oxide to 2-indanone (unpublished results). If SOI performed a comparable reaction with indole oxide, then 2-oxindole would be the expected product. However, none of the strains we tested convert 2-oxindole to indigo. The failure of all of the strains tested to convert 2-oxindole to indigo suggests that the styrene oxide isomerase does not act on indole oxide in the same way as on indene oxide. To study the role of SOI, we compared the indigo formation of strain S12 with that of the SOI-negative mutant M2. The initial indole degradation rates in P. putida S12 and NTG mutant M2 are almost identical. However, after 15 min, FIG. 3 . Transformation of styrene, indene, and indole by P. putida S12.
the amount of indigo formed by M2 is significantly lower than that formed by wild-type strain S12 (Fig. 2) . Based on this observation, it appears that SOI catalyzes the transformation of indole oxide to indoxyl at a higher rate than the chemical transformation.
Indole oxide and indene oxide differ by a nitrogen atom on the second ring. It is possible that the presence of such a nitrogen atom could cause the enzyme to produce the 3-hydroxyindole (indoxyl) as opposed to the 2-hydroxyindole (oxindole) due to a charge difference introduced on the second ring by the nitrogen atom.
The inability of Tn5 mutant E5 to convert indole to indigo combined with the lag in the formation of indigo in NTG mutant M2 indicates the involvement of both styrene monooxygenase and styrene oxide isomerase in the conversion of indole to indigo. While the specific rate of indigo formation appears to be moderately high (Table 2) , genetic engineering resulting in higher levels of SMO expression might result in still higher rates of indigo production. Another aspect in favor of applying bacteria expressing SMO activity is the observed stoichiometric transformation of indole to indigo and the high purity of the isolated indigo.
